Central to the pathogenesis of osteoporosis is the ability of estrogen deficiency to increase osteoclast formation by enhancing stromal cell production of the osteoclastogenic cytokine macrophage colony-stimulating factor (M-CSF). We report that stromal cells from ovariectomized mice exhibit increased casein kinase II-dependent phosphorylation of the nuclear protein Egr-1. Phosphorylated Egr-1 binds less avidly to the transcriptional activator Sp-1 and the resulting higher levels of free Sp-1 stimulate transactivation of the M-CSF gene. Estrogen replacement fails to block M-CSF mRNA expression and osteoclast formation in ovariectomized mice lacking Egr-1, confirming the critical role played by this transcription factor in mediating the antiosteoclastogenic effects of estrogen. Thus, by downregulating formation of a novel Egr-1/Sp-1 complex in stromal cells, estrogen deficiency results in enhanced levels of free Sp-1 and increased M-CSF gene expression and osteoclast formation. (
Introduction
It is now recognized that one of the main mechanisms by which estrogen (E2) 1 deficiency causes bone loss is by stimulating osteoclast (OC) formation (1), a process facilitated by bone marrow stromal cells (SC). SC provide a physical support for nascent OC and produce soluble and membrane-associated factors which regulate the proliferation and/or the differentia-tion of OC precursors (2) . Among these factors is macrophage colony-stimulating factor (M-CSF), a cytokine which plays a critical role in murine osteoclastogenesis, as demonstrated by the capacity of anti-M-CSF antibodies to block OC formation in vitro (3) and by the ability of M-CSF replacement to cure osteopetrosis in op/op mice, a strain characterized by the production of defective M-CSF (4) . In humans, M-CSF induces OC formation, stimulates survival and chemotactic behavior of isolated OC, and is essential for conferring the capacity of maturing OC to resorb bone (5) . SC production of M-CSF is induced by IL-1 and TNF (6, 7) , cytokines produced mainly by bone marrow mononuclear cells and recognized for their ability to promote OC formation and bone resorption (8) .
In a recent study we determined that one of the consequences of the decreased bone marrow levels of IL-1 and TNF induced by E2 is the formation of SC which possess low osteoclastogenic activity and respond to acute IL-1 and TNF stimulation by producing low levels of M-CSF. Conversely, SC differentiating in the absence of E2 (and the resulting increased bone marrow levels of IL-1 and TNF) exhibit enhanced M-CSF production in response to acute stimulation with IL-1 and TNF, and increased osteoclastogenic activity (9) . The demonstration that E2 modulates SC production of M-CSF by regulating bone marrow IL-1 and TNF levels, and the resulting differentiation of SC precursors, provide an explanation for increased bone resorption characteristic of the postmenopausal state. However, our findings raise the question of the mechanism by which SC from E2-deficient mice produce increased levels of M-CSF in response to acute IL-1 and TNF stimulation.
The regulatory region of the murine M-CSF gene contains overlapping consensus sequences for members of the Egr and Sp families (10) . Among the members of these families which have been reported to bind to the Egr and Sp sites are Egr-1 (also known as NGFI-A, Zif 268, Krox24, and TIS8) (11, 12), the general transcription activator Sp-1 (13) , and the related factor Sp-3 (14) . Egr-1 is a nuclear phosphoprotein that is rapidly and transiently induced by serum and growth factors and binds to a specific DNA sequence (5 Ј -GCGGGGGCG-3 Ј ) in a zinc-dependent manner (11). The action of Egr-1 on gene transcription is regulated by its phosphorylation (11). Egr-1 is phosphorylated by casein kinase II (CKII) (15) , an inducible kinase present in both the cytoplasm and nucleus of eukaryotic cells and one which phosphorylates proteins at serine and threonine residues immersed in acidic sequences (16) . Sp-1 is a general transcription factor, constitutively expressed in most cells, that serves to activate gene transcription (13) , whereas the related factor Sp-3 is a repressor of Sp-1-induced transcription (14) .
The presence of binding sites for Egr-1 and Sp-1 in the murine M-CSF promoter suggested that the mechanism which allows mature SC from E2-deficient mice to produce increased amounts of M-CSF involves altered Sp and/or Egr transcrip-tion factors binding to the M-CSF promoter. This hypothesis was investigated in the current study, which was carried out in primary cultures of SC purified from the bone marrow of sham-operated and ovariectomized (ovx) mice. Herein, we report that IL-1 and TNF stimulated SC from ovx mice are characterized by enhanced CKII-induced Egr-1 phosphorylation, a posttranslational modification which leads to decreased formation of an Egr-1/Sp-1 complex. The suppressed association of Egr-1 and Sp-1, in the face of unchanged levels of total Sp-1, results in increased levels of free Sp-1 available for binding to the M-CSF promoter, an event culminating in increased M-CSF gene expression. The significance of these findings in vivo was confirmed by the demonstration that E2 fails to block M-CSF mRNA expression and OC formation in bone marrow cell cultures from ovx Egr-1 knockout (KO) mice.
Methods
All animal procedures were approved by the Animal Care and Use Committee of Barnes-Jewish Hospital. Unless otherwise specified, reagents and media were from Sigma Chemical Co. (St. Louis, MO).
Study protocol and SC preparation. C3H/Hen mice (The Jackson Laboratory, Bar Harbor, ME) 5 wk of age were ovx or sham-operated, as described previously (9, 17) . ovx mice were either left untreated or treated with 17 ␤ estradiol (0.16 g/d, the lowest dose which maintains a normal uterine weight) for 2 wk using slow release subcutaneous pellets (Innovative Research of America, Toledo, OH), implanted in a nuchal subcutaneous pocket. For some experiments, ovx mice were treated with the IL-1 inhibitor, IL-1 receptor antagonist (IL-1ra) (25 mg/kg of body wt per day), plus the TNF inhibitor, TNF binding protein (TNFbp) (1 mg/kg of body wt per day), as described (9, 17) . IL-1ra and TNFbp were kindly provided by Amgen Inc. (Thousand Oaks, CA). 2 wk after surgery mice were killed, femora and tibiae were excised, and bone marrow was flushed with icecold ␣ -MEM and used to purify SC, as described previously (9) .
To determine if E2 blocks M-CSF production in vivo via an Egr-1-mediated mechanism, experiments were conducted using Egr-1 KO mice (18) . These mice were generated by using an Egr-1 construct from BALB/c mouse genomic library and C57Bl/6 mice. To ensure that KO and wild-type (WT) mice had the same genetic background, the original heterozygous (Egr-1 ϩ / Ϫ ) mouse was back-bred for 10 generations into C57Bl/6 mice. Homozygous (Egr-1 Ϫ / Ϫ and Egr-1 ϩ / ϩ ) mice were then generated by cross-breeding male and female mice, each heterozygous for Egr-1.
These mice have E2 levels equal to those of WT controls. However, they have frequent anovulatory cycles due to progesterone deficiency (19) . To eliminate this potential confounder, Egr-1 KO mice and age-matched WT littermates were ovx at 5 wk of age. Half of the KO and half of the control littermates were treated with 17 ␤ estradiol for 2 wk while the remaining mice were left untreated. At the end of the treatment period, all mice were killed and bone marrow was harvested and used to purify SC.
Bone marrow cell cultures and OC characterization. Bone marrow cells from Egr-1 KO and WT littermates were cultured for 7 d with 10 nM 1,25(OH) 2 D 3 in multiwell plates to induce OC formation (9) . Cells were then fixed and stained for tartrate-resistant acid phosphatase (TRAP). TRAP-positive cells with three or more nuclei were counted as OC-like cells. Expression of calcitonin receptors was also assessed by autoradiography, as described previously (17) . More than 98% of the TRAP-positive multinucleated cells formed in the bone marrow cultures showed specific binding of labeled calcitonin. Therefore, we regarded the TRAP-positive multinucleated cells formed in the bone marrow cultures as authentic OC.
SC transient transfections and chloramphenicol acetyltransferase (CAT) assays. Transient transfections were performed using M-CSF promoter-deletion constructs, coupled to a CAT reporter gene, a kind gift of Dr. M.A. Harrington (University of Indiana, Bloomington, IN). Transfections were carried out using 4 g of the appropriate M-CSF reporter construct, 1 g of ␤ -galactosidase expression vector coupled to a CMV promoter mixed with 12 l of lipofectamine reagent (GIBCO BRL, Gaithersburg, MD). The cells were washed twice with PBS, incubated in ␣ MEM, supplemented with 10% FBS, 10% horse serum, and stimulated with IL-1 and ⌻⌵ F (10 ng/ml of each). Cells were harvested after 24 h and lysed by three freeze-thaw cycles in 200 l of 250 mM Tris-HCl, pH 7.5, as described (20) . CAT and ␤ -galactosidase activities were measured as described (21, 22), respectively. Results are expressed as normalized CAT activity after correction for transfection efficiency using the cotransfected ␤ -galactosidase control for each well.
Transient transfection of SL-2 cells. SL-2 cells, a line lacking endogenous Sp-1 and Sp-3 factors (23), were grown in Schneider's media supplemented with 10% FBS at 25 Њ C and transiently transfected using the calcium phosphate technique (24) . The expression vectors Egr-1, Sp-1, and Sp-3 (2 g of each) were cotransfected along with ␤ -galactosidase expression vector (1 g) and M-CSF/CAT (2 g) reporter construct (construct 1) per well into SL-2 cells. Differences in plasmid concentration were equalized using pUC plasmid. Cells were harvested after an overnight incubation and cell extracts were assayed for CAT and ␤ -galactosidase activity as described above.
Extraction of nuclear protein and electrophoretic mobility shift assays (EMSAs). Purified SC grown to confluence were incubated in ␣ MEM supplemented with 0.2% FBS for 3 h, and stimulated for 1 h with IL-1 and TNF (10 ng/ml each). Nuclear extracts were prepared as described (25) . Protein concentration was determined by the micro bicinchoninic acid assay. EMSAs were performed as described (26) using the following oligonucleotide: (upper strand ϭ 5 Ј CTCGAGAA GGGCGG GGGA-GGGCGG TGG3 Ј ) containing a segment of the M-CSF promoter spanning regions Ϫ 283 to Ϫ 257 bp. Bases in bold represent the Sp-1/ Sp-3 binding region with the Egr-1 binding site underlined.
Western blot and immunoprecipitation (IP) studies. Western blots were conducted as described (27) using anti-Sp-1 or anti-Egr-1 antibodies (Santa Cruz Biotechnology, Santa Cruz, CA). Proteins were visualized by ECL chemiluminescence (Amersham, Arlington Heights, IL). To determine if Egr-1 binds to Sp-1 via direct protein-protein interaction, IP reactions were performed as described (15) . Western blots were performed on IP complexes using anti-Sp-1 antibody to detect the presence of Sp-1 in the protein complex.
Yeast 2-hybrid assay. Egr-1 and Sp-1 cDNAs were subcloned into yeast 2-hybrid vectors pACT2 and pGBT9, respectively, such that fusion proteins were generated in vivo with the GAL4 activating domain coupled to Egr-1 and the GAL4 DNA-binding domain coupled to Sp-1. Each fusion vector was transfected individually (as a negative control) and in combination into each of two different reporter yeast strains (SFY526 and HF7c). SFY526 carries a lacZ reporter driven by a GAL1 promoter sequence. Positive protein-protein interaction between Egr-1 and Sp-1 is demonstrated by means of blue color formation in the presence of X-gal. The yeast strain HF7c is deficient in histidine production and carries histidine growth selection as a result of a His3 gene coupled to a GAL1 promoter sequence, activated by positive interaction between Sp-1 and Egr-1. In addition, this strain also carries a lacZ color reporter coupled to a CYC1 promoter, responsive to GAL4 elements. This provides an independent confirmation of positive Sp-1/Egr-1 interaction signaled by means of blue color development after incubation with X-gal. Additional positive and negative controls were used.
Transformation of 2-hybrid clones into yeast hosts. Competent yeast cells were prepared using the lithium acetate method and transfected according to the manufacturer's instructions (Promega, Madison, WI). Transformed cells were spread onto agar plates containing the appropriate synthetic dropout selection markers (tryptophan and leucine for SFY526 and tryptophan, leucine, and histidine for HF7c). For HF7c transformants, growth in the absence of histidine was considered positive for protein interaction. In addition, both strains were as-sessed for ␤ -galactosidase activity, by colony lift according to the protocol guide (Promega), as independent evidence of Egr-1/Sp-1 interaction. pVA3 ϩ pTD1 and pLAM5 Ј ϩ pTD1 were used as positive and negative controls, respectively.
Egr-1 phosphorylation and CKII activity assays. Egr-1 phosphorylation and CKII activity were assessed as described in references 28 and 29, respectively. For some experiments, heparin was added to the assay buffer at a final concentration of 1 g/ml. In some experiments [ ␥ -32 P]GTP was used in place of [ ␥ -32 P]ATP. In these experiments, 0.5 mM MnCl 2 was substituted for MgCl 2 in the assay buffer. To measure CKII activity in the absence of additional nuclear material, nuclear protein was IP with CKII ␣ antibody before assay.
RNase protection assay. M-CSF mRNA expression was quantitated in SC from Egr-1 KO mice and control littermates, by RNase protection assay. SC were stimulated with IL-1 and TNF for 4 h before assay. Total RNA was extracted as described (30) . RNase protection assay was conducted using a RiboQuant™ KIT (PharMingen, San Diego, CA). M-CSF and GAPDH riboprobes were prepared by in vitro transcription (RiboQuant™) according to the manufacturer's instructions using templates provided in the kit.
Statistical analysis. Group mean values were compared by twotailed Student's t test or one-way ANOVA as appropriate. Subsequent mean comparison tests were performed by Fisher protected LSD test.
Results

Sp-1, Sp-3, and Egr-1 regulate M-CSF gene expression.
To identify the cis -acting elements that mediate transcriptional activation of murine M-CSF by IL-1 and TNF, SC were transiently transfected with a series of M-CSF promoter deletion constructs linked to a CAT reporter gene, and then stimulated with IL-1 and TNF. Strong CAT activity was observed ( Fig. 1 A ) in cells transfected with the Ϫ 627 nt to ϩ 174 nt region of the M-CSF gene (construct 1). Deletion of the region Ϫ 627 nt to Ϫ 509 nt (construct 2) did not alter CAT activity. Conversely, deletion of the region from Ϫ 509 nt to Ϫ 329 nt (construct 3) resulted in a 2.2-fold increase of CAT activity, suggesting the presence of an inhibitory sequence. Cells transfected with construct 4 (spanning region Ϫ 152 nt to ϩ 174 nt), which lacks the overlapping consensus sequences ( Ϫ 273 nt to Ϫ 265 nt) of transcription factors of the Sp and Egr families, exhibited a 4-fold inhibition of CAT activity compared with cells transfected with construct 3, and a 2.5-fold inhibition compared with baseline. Deletion of additional promoter sequences (constructs 5 and 6) resulted in smaller changes in CAT activity. These data suggest that Sp and Egr gene products play an important role in regulating M-CSF gene expression in murine SC.
To investigate the functional relevance of Sp-1, Sp-3, and Egr-1 in regulating M-CSF gene expression, Schneider SL-2 cells, a Drosophila melanogaster line lacking endogenous Sp (14, 31) and Egr factors (unpublished observations), were transiently cotransfected with M-CSF-CAT reporter plasmid (construct 1) and equal amounts of either Sp-1, Sp-3, or Egr-1 expression vectors. Both Egr-1 and Sp-3 expression vectors repressed the reporter construct ( Fig. 1 B ) . In contrast, cotransfection with M-CSF-CAT reporter construct and Sp-1 expression vector resulted in an ‫ف‬ 5.0-fold activation of the reporter construct. The increase in CAT activity induced by Sp-1 was completely abolished by cotransfection with either Sp-3 or Egr-1 expression vectors. These data demonstrate that Sp-1 is a potent inducer of M-CSF gene expression and that both Egr-1 and Sp-3 can reverse the stimulatory effects of Sp-1 on M-CSF gene expression.
Sp-1 and Sp-3 but not Egr-1 bind to the M-CSF promoter.
To determine which members of the Egr and Sp families of transcription factors bind to the M-CSF promoter in SC, EMSAs were conducted by incubating nuclear extracts from IL-1-and TNF-stimulated SC with a radiolabeled oligonucleotide corresponding to the region of the M-CSF promoter ( Ϫ 283 nt to Ϫ 257 nt) containing the Egr and Sp binding motifs. Two distinct DNA-protein complexes were detected ( Fig. 2 A , lane 1 ) in nuclear extracts prepared from SC harvested from control mice. Both complexes were specific, as they were competed by unlabeled oligonucleotide (lane 9 ). In contrast, neither complex was competed out by an unlabeled oligonucleotide which forms a specific complex with recombinant (r) Egr-1 but not with either rSp-1 or rSp-3. When antiserum directed against Sp-1 was included in these assays, the slower migrating band was supershifted (lane 3 ). Addition of antiserum against Sp-3 resulted in the disappearance of the faster migrating band (lane 4 ). The addition of both anti-Sp-1 and anti-Sp-3 antisera to the reaction mixture resulted (lane 7 ) in the supershift of the slower migrating band and the disappearance of the faster migrating band. In contrast, when antiserum directed against Egr-1 was included in these assays, there was no change in the pattern of shifted bands (lane 2 ). Similarly, the addition of anti-Egr-1, Sp-1, and Sp-3 antisera (lane 8 ) resulted in a migration pattern identical to that observed in the presence of anti-Sp-1 and anti-Sp-3 antisera alone (lane 7 ). Taken together, the data demonstrate that Sp-1 gives rise to the upper complex and Sp-3 to the lower one.
Ovariectomy increases the binding of Sp-1 to the M-CSF promoter without altering the nuclear levels of Sp-1. To test if increased M-CSF production, characteristic of SC formed in the bone marrow of E2-deficient mice, is the result of increased Sp-1 binding to the M-CSF promoter, we investigated if the interaction of Sp-1 and/or Sp-3 with DNA is modulated by ovx and E2 replacement. Moreover, since E2 deficiency induces the formation of "high" M-CSF producing SC by increasing marrow monocyte production of IL-1 and TNF (9), we also investigated whether in vivo treatment of ovx mice with the IL-1 inhibitor, IL-1ra, and the TNF inhibitor, TNFbp, regulates Sp-1 binding. SC nuclear extracts were prepared and incubated with radiolabeled oligonucleotide corresponding to the overlapping Egr and Sp site ( Ϫ 283 nt to Ϫ 257 nt). Anti-Sp-1 antibody was added to all samples to resolve the Sp-1 and Sp-3 bands ( Fig. 2 B ) . Consistent with our earlier findings, Sp-1 antibody supershifted the slower migrating band and separated the Sp-1 and the Sp-3 bands in all groups. In each of four experiments we found that nuclear extracts from untreated ovx mice (lane 2 ) had higher Sp-1 binding activity than those from both sham-operated (lane 1) and ovx mice treated with either E2 (lane 3) or IL-1ra and TNFbp (lane 4). Quantification of Sp-1 binding by densitometric analysis of the data from all four experiments demonstrated that ovx increased Sp-1 binding 2.5Ϯ0.5-fold over SC from untreated sham-operated mice (P Ͻ 0.05). Attesting to specificity, nuclear extracts from ovx mice had a similar Sp-3 binding activity as those from E2treated ovx mice, thus demonstrating that ovx increases Sp-1 binding independently of Sp-3. Taken together, these data demonstrate that E2 deficiency results, via an IL-1-and TNFdependent mechanism, in the formation of a SC population which responds to cytokine stimulation by increased Sp-1 binding to the M-CSF promoter.
To exclude the possibility that competition between Egr-1 and Sp-1 contributes to the regulation of Sp-1 binding to DNA, we used a radiolabeled oligonucleotide which binds Sp-1 but not Egr-1. These EMSAs revealed ( onstrate that ovx increases Sp-1 binding to the M-CSF promoter by a mechanism other than direct competition with Egr-1 for DNA binding.
Western blot analysis of nuclear extracts demonstrated equal expression of Sp-1 protein in SC from ovx and E2replete mice (Fig. 2 D) , thus suggesting that ovx increases Sp-1 binding to the M-CSF promoter by either enhancing its affinity for DNA or the levels of free Sp-1 available for binding.
ovx decreases the formation of an Egr-1/Sp-1 protein-protein complex and increases the concentration of free Sp-1. Although we detected no Egr-1 binding to the putative Egr site of the M-CSF promoter, our data indicate that Egr-1 represses Sp-1induced M-CSF gene expression. To elucidate the mechanism of this phenomenon, increasing amounts of rEgr-1 were preincubated with SC nuclear extracts before the addition of radiolabeled Egr/Sp oligonucleotide. In each of three replicate experiments, a dose-dependent decrease in Sp-1 binding was observed ( Fig. 3 A) when Egr-1 was added to the reaction mixture. Levels of Egr-1 equal to 20 ng/tube inhibited Sp-1 binding to the Sp site. In contrast, Egr-1 itself did not bind to the same sequence until its concentration reached 400 ng/tube. The finding that concentrations of Egr-1 lower than those required for inducing a detectable Egr-1 band decrease Sp-1 binding suggests that Egr-1 modulates Sp-1 binding by a mechanism other than direct competition between the two transcription factors for binding to DNA. One such mechanism could be protein-protein interaction resulting in the formation of an Egr-1/Sp-1 complex possessing a lower affinity for the M-CSF promoter than free Sp-1. Increased formation of the Egr-1/Sp-1 complex would result in decreased levels of free Sp-1 available for binding to the Sp site. Conversely, decreased formation of Egr/Sp-1 complex would increase the availability of unbound Sp-1 as transcription factor.
To test whether Egr-1 and Sp-1 interact directly and if this interaction is modulated by E2, SC nuclear extracts were immunoprecipitated with an anti-Egr-1 antiserum. Western blots of immunoprecipitated material were then carried out using anti-Sp-1 antibody. In each of four experiments, the presence of a Sp-1/Egr-1 complex was observed ( Fig. 3 B) in nuclear extracts from all groups of mice, thus demonstrating the existence of a direct protein-protein interaction between Egr-1 and Sp-1. Importantly, densitometric analysis of the data from all experiments demonstrated that the Sp-1/Egr-1 complex was 2.8Ϯ0.3-fold less abundant in nuclear extracts from ovx mice (lane 3) than in those from either sham-operated (lane 2), E2treated ovx (lane 4), or IL-1ra and TNFbp-treated ovx mice (lane 5).
The occurrence of an Egr-1/Sp-1 interaction was confirmed by a reversed experiment in which SC extracts were immunoprecipitated by anti-Sp-1 antibody. The Sp-1/Egr-1 complex was then visualized by immunoblotting the recovered material with anti-Egr-1 antibody (not shown). This experiment demonstrated that only the 84-kD species of Egr-1 binds to Sp-1.
To test the specificity of the association, we generated a mutant Sp-1 in which the highly charged region, zinc finger region, and carboxyl terminal portions of Sp-1 were deleted. This truncation eliminates the 225 most carboxyl-terminal amino acids of the protein. This truncated form of Sp-1 (Sp-1⌬) failed to bind to Egr-1 ( Fig. 3 C, lane 3) , as compared with full-length Sp-1 (lane 2).
Since decreased formation of the Egr-1/Sp-1 complex without a change in total Sp-1 corresponds to increased Sp-1 bind- ing to the M-CSF promoter, these findings suggest that ovx increases the levels of Sp-1 available for binding to the M-CSF promoter, with a consequent enhancement of gene transcription. To quantify the nuclear concentration of free Sp-1, SC nuclear extracts were immunoprecipitated with anti-Egr-1 antibody (to remove the Egr-1/Sp-1 complex). Supernatants were reimmunoprecipitated with anti-Sp-1 antibody and Western blot analysis with anti-Sp-1 antibody was performed. Four replicate experiments demonstrated ( Fig. 3 D) that SC from ovx mice have higher (3.2Ϯ0.5-fold, P Ͻ 0.05) nuclear levels of free Sp-1 than those from E2-replete mice.
To confirm that the association of Egr-1 and Sp-1 occurs in vivo, we made use of the yeast 2-hybrid assay (32) (33) (34) . Egr-1 and Sp-1 cDNAs were subcloned into the yeast 2-hybrid vectors pACT2 and pGBT9, respectively, such that fusion proteins were generated in vivo with the GAL4 activating domain coupled to Egr-1 and the GAL4 DNA-binding domain coupled to Sp-1. Each fusion vector was transfected individually (as a negative control) and in combination into each of two different reporter yeast strains (SFY526 and HF7c). These studies revealed ( Table I) the existence of a positive interaction with three distinct reporter systems, thus providing a demonstration of Sp-1 and Egr-1 interaction in vivo.
ovx decreases the association of Egr-1 with Sp-1 and modulates Sp-1 binding to DNA by increasing Egr-1 phosphorylation. E2 may regulate the formation of the Egr-1/Sp-1 complex by modulating the nuclear concentration of Egr-1 and/or by inducing posttranslational modification of Egr-1, resulting in increased affinity for Sp-1. To investigate these possibilities, nuclear levels of Egr-1 protein were analyzed by Western blotting. This analysis revealed (Fig. 4) the expression of previously described multiple forms of Egr-1, a truncated, nonphosphorylated form of Egr-1 at 54 kD, and a 84-kD species which exhibits variable degrees of phosphorylation (35) . Densitometric analysis of the data from four experiments revealed that nuclear extracts from ovx mice (lane 2) had 3.1Ϯ0.2-fold higher (P Ͻ 0.05) amounts of the 84-kD Egr-1 species than nuclear extracts from either sham-operated (lane 1) or ovx mice treated with either E2 (lane 3) or IL-1ra ϩ TNFbp (lane 4). SC from ovx mice also exhibited slightly higher levels (1.6Ϯ04fold, P ϭ NS) of the 54-kD form of Egr-1 than those from E2replete mice.
When the same nuclear extracts were analyzed again using an anti-Sp-1 antibody, in accordance with the data shown in Fig.  4 , we found equal levels of Sp-1 in all samples (not shown), confirming the specificity of the regulatory effects of E2 on Egr-1.
The closely spaced bands at 84 kD represent multiple species which differ in their state of phosphorylation (35) . Thus, our findings suggest that ovx increases the nuclear concentrations of phosphorylated forms of Egr-1, via a mechanism involving IL-1 and TNF.
To investigate the role of Egr-1 phosphorylation in regulating the formation of the Egr-1/Sp-1 complex, three replicate experiments were conducted in which SC nuclear extracts were incubated with calf intestinal alkaline phosphatase (CIAP) in the presence or absence of phosphatase inhibitors NaF, Na 4 P 2 O 7 , and NaVO 4 (35) .
The representative results shown in Fig. 5 A demonstrate that treatment with CIAP decreased 84-kD Egr-1 levels in samples from ovx mice (middle, lane 2), thus confirming the presence of phosphorylated Egr-1 in SC nuclear extracts. In contrast, CIAP treatment did not alter the levels of 54-kD Egr-1 (not shown). In samples from ovx mice, CIAP treatment also upregulated the levels of Egr-1/Sp-1 complex ( Fig. 5 B, middle,  lane 2) and downregulated Sp-1 binding to the M-CSF promoter ( Fig. 5 C, middle, lane 2) . Attesting to the specificity of this process, the alterations in 84-kD Egr-1, Egr-1/Sp-1 complex, and Sp-1 binding to DNA generated by CIAP were blunted by the simultaneous presence of phosphatase inhibitors (right panels, lane 2). Similar results were obtained in each of the three experiments. Taken together, the data suggest that E2 regulates the association of Sp-1 with Egr-1 and the resulting binding of free Sp-1 to the M-CSF promoter by modulating Egr-1 phosphorylation.
ovx increases CKII activity resulting in increased phosphorylation of Egr-1. Since CKII is known to phosphorylate Egr-1 in fibroblasts (15), we investigated whether SC from ovx mice Protein-protein interactions for Sp-1 (pGBT9-Sp-1) and Egr-1 (pACT2-Egr-1) were scored on the basis of lacZ activity, in host strain SFY526, in the presence of X-gal (blue color ϭ positive, white color ϭ negative), as well as by growth selection on histidine-deficient media, using host strain HF7c. In growth selection experiments, negative results in HF7c were further evaluated for lacZ expression, by supplementation of histidine (indicated by an asterisk) in order to elicit colony growth. The plasmid combinations pLAM5Ј ϩ pTD1 and pVA3 ϩ pTD1 were used as negative and positive controls, respectively. are characterized by increased CKII-induced Egr-1 phosphorylation. Thus, SC nuclear extracts were incubated with Egr-1 and [␥-32 P]ATP in the presence and absence of heparin, a specific inhibitor of CKII (36) . Phosphorylated material was spotted onto P81 paper and radioactivity was counted. These studies revealed that SC extracts from ovx mice induce higher Egr-1 phosphorylation than those from E2-replete mice ( Fig. 6 A,  panel a) . Addition of heparin to the reaction mixture abolished the difference between the groups, thus demonstrating that the higher phosphorylation of Egr-1 characteristic of SC from ovx mice was induced by CKII. It should be noted that heparin did not completely block the phosphorylation of Egr-1. Thus, mechanisms other than CKII activation are also capable of basal (i.e., non-ovx-related) Egr-1 phosphorylation. To further demonstrate that the increase in Egr-1 phosphorylation observed in SC from ovx mice is mediated by CKII, we took advantage of the ability of CKII to use GTP as a phosphate donor (16) . Thus, SC were incubated with rEgr-1 and [␥-32 P]GTP. We again found ( Fig. 6 A, panel b) that Egr-1 phosphorylation was higher in SC from ovx mice than in those from E2-replete mice. Egr-1 phosphorylation was completely blocked by heparin, thus demonstrating that CKII is the only kinase present in SC extract capable of phosphorylating Egr-1 using GTP as a source of phosphate.
To further demonstrate that increased Egr-1 phosphorylation observed in SC from ovx mice was the product of increased CKII activity, SC extracts were incubated with the specific CKII substrate peptide RRREEETEEE (36) and [␥-32 P]ATP. This CKII assay confirmed that SC from ovx mice have a higher CKII activity than SC from E2-replete mice ( Fig.  6 A, panel c) . To conclusively determine that CKII activity is increased in SC from ovx mice, SC extracts were immunoprecipitated using anti-CKII ␣ antiserum. The immunocomplexes were recovered and incubated with RRREEETEEE and [␥- 32 P]ATP to measure CKII activity. Analysis of the data from four experiments ( Fig. 6 A, panel d) showed that CKII activity was approximately sevenfold higher in SC from ovx mice than in those from sham and ovx E2-treated mice. Attesting to the specificity of the reaction, CKII activity was blocked by heparin in all groups.
CKII phosphorylates Egr-1 in vitro and decreases the binding of Egr-1 to Sp-1.
Our data suggest that CKII-dependent phosphorylation of Egr-1 decreases the affinity of Egr-1 for Sp-1. To investigate this hypothesis, Egr-1 was phosphorylated in vitro by either CKII or protein kinase C (PKC) and incubated with Sp-1. The Egr-1/Sp-1 complex was then quantitated by IP with anti-Egr-1 antibody followed by immunoblotting with anti-Sp-1 antibody. In three such experiments, we found that Egr-1 is phosphorylated in vitro by both CKII and PKC ( Fig. 6 B, panel a) . Moreover, incubation of dephosphorylated Egr-1 with Sp-1 resulted in the formation of an Egr-1/Sp-1 complex ( Fig. 6 B, panel b, lane 2) . Conversely, when the same experiment was repeated using CKII phosphorylated Egr-1, there was no Egr-1/Sp-1 complex formation ( Fig. 6 B, panel b,  lane 3) . Attesting to the specificity of this reaction, phosphorylation of Egr-1 by PKC failed to inhibit Egr-1/Sp-1 complex formation ( Fig. 6 B, panel b, lane 4) .
E2 replacement fails to block M-CSF production in Egr-1deficient mice. Our findings demonstrate that E2 regulates M-CSF production via a mechanism involving Egr-1. Thus, since M-CSF is critical for murine osteoclastogenesis, E2 should be unable to block SC secretion of M-CSF and OC formation in Egr-1-deficient mice.
To test this hypothesis Egr-1 KO mice and age-matched WT control littermates of the same genetic background were ovx at the age of 5 wk, treated with either vehicle or 17␤ estradiol for 2 wk, and then killed. SC purified from bone marrow cells harvested at time of killing were cultured to confluence, stimulated with IL-1 and TNF for 4 h, and then used to assess the expression of M-CSF mRNA by RNase protection assay. A second aliquot of unpurified bone marrow cells was cultured for 7 d in the presence of 1,25 (OH) 2 D 3 to induce the formation of OC (9, 17, 37) . This model was selected because the effects of ovx and E2 replacement on OC formation in cultures of bone marrow cells accurately reflect those induced in the number of OC adhering to bone surfaces in vivo (37).
Densitometric analysis of samples from WT mice revealed ( Fig. 7 A) that M-CSF mRNA expression was 2.1Ϯ0.3-fold higher in SC from untreated ovx mice than in those from E2treated ovx mice. Conversely, analysis of samples from Egr-1 4) . Samples were treated with or without CIAP, in the presence or absence of alkaline phosphatase inhibitors, as indicated. Egr-1 levels were measured by Western blot analysis as shown in Fig. 4 . Egr-1/Sp-1 complex formation was determined as described in Fig.  3 . Sp-1 binding to DNA was assessed by EMSA as described in Fig. 2 . Boxes denote samples from ovx mice.
KO mice revealed that SC from untreated ovx and E2-treated ovx mice exhibited no difference in the expression of M-CSF mRNA. These findings demonstrate that in vivo E2 blocks M-CSF mRNA expression via an Egr-1-dependent mechanism. In agreement with the essential role of M-CSF in murine osteoclastogenesis, we also found ( Fig. 7 B) a larger number of OC in cultures of bone marrow cells from untreated ovx WT mice than in those from WT mice treated with E2. Conversely, in KO mice, OC number was increased in cultures from both E2-deficient and E2-replete mice, thus demonstrating that E2 fails to downregulate OC formation in Egr-1-deficient mice. Together, these data support the hypothesis that Egr-1 is a key regulator of the SC ability to produce M-CSF and induce OC formation in vivo.
Discussion
This study was conducted to investigate the mechanism by which E2 deficiency increases IL-1-and TNF-induced production of M-CSF in SC (9) . Promoter deletion studies in transiently transfected SC revealed that the Egr and Sp sites on the M-CSF promoter are critical for M-CSF gene expression. Moreover, cotransfections of SL-2 cells with Egr and Sp expression vectors showed that binding of Sp-1 to this site enhances M-CSF gene expression. Consistent with the functional relevance of Sp-1 and the Sp site in the regulation of the M-CSF gene, we found that SC from ovx mice, when stimulated with IL-1 and TNF, are characterized by enhanced M-CSF gene ex-pression as a consequence of augmented binding of Sp-1 to the Sp site on the M-CSF promoter. This enhanced binding results from increased CKII activation, an event which in turn leads to enhanced Egr-1 phosphorylation, and a resulting decreased formation of an Egr-1/Sp-1 complex. These events culminate in increased availability of unbound Sp-1 as a transcription initiator, without changes in total Sp-1 levels.
Overlapping consensus sequences for Egr-1 and members of the Sp transcription factor family have been described in the regulatory elements of numerous cytokine genes, including M-CSF (10), IL-2 (38) , and TNF (39) . Similar consensus sequences have been described in other genes unrelated to cytokine production (40, 41) . Competition for DNA binding between the inducible product of the Egr-1 gene and the constitutively produced Sp-1 and/or other Sp family members provides a well defined means of transcriptional regulation (38, 39, 42) . Such a mechanism could account, at least in part, for the regulation of Sp-1 binding to the M-CSF promoter in SC. However, our studies revealed that binding of endogenous Egr-1 to the Egr site does not occur. However, Egr-1/DNA interactions can be induced when high concentrations of rEgr-1 are used. Thus, our findings argue against a competition between Sp-1 and Egr-1 for binding to overlapping consensus sequences in the Egr/Sp region of the M-CSF promoter. Our data are in agreement with the findings of Harrington et al. (42) , who reported binding of high concentrations of Egr-1 but not of endogenous concentrations of nuclear Egr-1 to the Egr site on the M-CSF promoter. We attribute the inability of endogenous concentrations of Egr-1 to bind to the Egr site on the M-CSF promoter to the existence of an imperfect match (eight nucleotides out of nine) in the Egr-1 consensus DNAbinding sequence (10, 42) . Indeed, an identical base mismatch has been shown to decrease by 100-fold the binding affinity of Egr-1 for the Egr/Sp site in the rat phenylethanolamine N-methyltransferase gene (43) .
Our data demonstrate that in SC Egr-1 binds directly to Sp-1 and that this association is regulated by E2 via modulation of Egr-1 phosphorylation. Since Sp-1 is a general transcription activator, it is likely that inhibition of Egr-1 phosphorylation and the resulting sequestration of Sp-1 may account for the ability of E2 to repress not only M-CSF, but also other genes that, like M-CSF, are induced by Sp-1. Deletion of the carboxyl terminus of Sp-1 containing the DNA-binding zinc finger region resulted in complete loss of association of this nuclear protein with Egr-1. These findings suggest that Egr-1 may suppress Sp-1-induced transcription by association at or near the Sp-1 zinc finger, thus perturbing its association with DNA. To the best of our knowledge, regulation of nuclear levels of free Sp-1 resulting from modulation of Egr-1/Sp-1 association has not been reported previously. Thus, the data describe a novel mechanism by which Egr-1 and Sp-1 regulate gene expression.
Whether the Egr-1/Sp-1 complex is also capable of binding to the M-CSF promoter remains to be determined. However, this is unlikely because no evidence for such a complex was detected in our EMSA studies. Also unlikely is the possibility that Egr-1/Sp-1 association may occur only in the context of binding of both proteins to DNA. In fact, formation of the Egr-1/Sp-1 complex was detected both in vitro in the absence of DNA and in the yeast 2-hybrid assay.
We also demonstrate that SC from E2-deficient mice are characterized by upregulated CKII activity and enhanced CKII-induced phosphorylation of Egr-1. Although in vitro Egr-1 is phosphorylated by both CKII and PKC, in vitro association of Egr-1 and Sp-1 was blocked by phosphorylation of Egr-1 by CKII but not by PKC. Thus, it is likely that conformational changes of Egr-1 induced by phosphorylation of specific domains modulate the affinity of Egr-1 for Sp-1. Alternatively, the presence of phosphate group(s) in the Sp-1 binding region of Egr-1 may directly impede its association with Sp-1.
The mechanism by which acute IL-1 and TNF stimulation induces lower CKII activity in SC from E2-replete mice as compared with those from ovx mice remains to be examined. It is possible that E2 induces the formation of SC characterized by low expression of the signaling type I IL-1 or TNF receptors or high expression of the decoy type II receptors (44, 45) . Such an effect of E2 on the expression of IL-1 type I and type II receptors has been described recently in OC (46) .
Regardless of the specific mechanism, the different responses to acute IL-1 and TNF stimulation between SC from E2-replete and E2-depleted mice described in this study reflect events induced by E2 depletion in vivo, such as the differentiation of SC precursors in the bone marrow microenvironment (9) . ovx is known to increase bone marrow concentrations of IL-1 and TNF (9, 17, 47) . Moreover, we have now found that in vivo treatment with either IL-1ra plus TNFbp or E2 is equally capable of preventing the effects of ovx on M-CSF gene expression, Sp-1 binding to DNA, Egr-1/Sp-1 complex formation, Egr-1 phosphorylation, and CKII activation. Thus, the data demonstrate that long-term exposure to increased bone marrow levels of IL-1 and TNF is required for maturing SC to acquire the capacity of producing increased amounts of M-CSF in response to acute IL-1 and TNF stimulation (9) . Furthermore, since M-CSF is critical for murine osteoclastogenesis (3, 4) , and the functional block of IL-1 and TNF with IL-1ra and TNFbp also prevents the ovx-induced bone loss (47, 48) and increase in OC formation (17) , the data also explain how IL-1 and TNF mediate the postmenopausal increase in bone resorption.
Taken together, the findings of this study demonstrate that Egr-1 is a key mediator of the effects of E2 on M-CSF gene expression in SC, and the resulting regulation of osteoclastogenesis. The relevance of Egr-1 to the mechanism by which E2 blocks OC formation in vivo was confirmed by examining both the expression of M-CSF mRNA in purified SC and the production of OC by cultures of bone marrow cells from Egr-1 KO mice (18) . Macroscopically, these mice do not exhibit a skeletal phenotype, indicating that Egr-1 is not essential for normal bone modeling. However, Egr-1 deficiency blocks the ability of E2 to repress M-CSF mRNA expression and confers on bone marrow cells a complete resistance to in vivo E2 treatment, leading to the emergence of a highly osteoclastogenic bone marrow microenvironment.
In summary, E2 deficiency, via an IL-1-and TNF-mediated mechanism, decreases association between Egr-1 and Sp-1 in SC nuclei. This phenomenon is a consequence of increased CKII activation and CKII-induced Egr-1 phosphorylation and results in increased levels of free Sp-1 available for binding to, and transactivation of, the M-CSF promoter. Figure 7 . In vivo E2 replacement fails to decrease M-CSF mRNA expression in purified SC (A) and to block OC formation in cultures of bone marrow cells (B) from ovx Egr-1 KO mice. WT and Egr-1 KO mice (n ϭ 5 per group) were ovx and treated with either vehicle or E2 for 2 wk before time of killing. SC purified from bone marrow cells harvested at time of killing were cultured to confluence and then stimulated with IL-1 and TNF for 4 h. M-CSF and GAPDH mRNA expression was evaluated in three replicate assays by RNase protection assay. Densitometric analysis of the data from all assays demonstrated that in vivo E2 replacement decreases M-CSF mRNA levels by 2.1Ϯ0.3-fold (P Ͻ 0.05) in Egr-1 KO but not in WT mice. OC formation was assessed in quadruplicate samples in cultures of bone marrow cells cultured for 7 d in the presence of 1,25 (OH) 2 D 3 . *P Ͻ 0.05 compared with untreated ovx mice.
